Fabrication of catalytically active electrodes by electrodeposition is attractive due to its in situ nature, easy controllability, and large-scale operation capability. Most recently, modifying the electrodes with phosphate ligands through electrodepositing electrode materials has shown promising results in improving the kinetics of some reactions. However, it is unclear how the presence of phosphate anions affects the electrodeposition process and functions in catalyzing reactions. Here, we report a systematic study on electrodeposition of Cu in the presence of phosphate anions. The phosphate anions form a complex with free Cu(II) cations, competing with the electrodeposition process. The competition between the two processes results in an insufficient supply of free Cu(II) for electrodeposition, especially at the diffusion layer. This is evidenced by the calculation of free Cu(II) concentration and the electrodeposition current at identical applied potentials. We also found that the electrodeposition of Cu in the presence of phosphate generates Cu-oxyo/hydroxyo-phosphate species on the deposited copper surface. The modified electrodes with phosphate species exhibit higher selectivity for HCOOH formation (faradaic efficiency $80%) from the electrochemical reduction of CO 2 as compared with Cu foil (faradaic efficiency $33%). The effect of phosphate ligands promoting HCOOH selectivity is further verified by stripping off the ligands and regenerating the ligands.
Introduction
Copper is an earth-abundant element and has been used in catalysis for a long time. For example, heterogeneous copper catalysts are well known for use in hydrogenation and oxidation of small molecules. [1] [2] [3] [4] Recently, the intense research interest in CO 2 electrochemical reduction has led to a focus of attention on metallic Cu electrodes due to their unique ability for hydrocarbon production. [5] [6] [7] [8] [9] [10] It has been found that the surface properties of the Cu electrode inuence the product selectivity [11] [12] [13] [14] [15] as well as the overpotential. 11 Much effort has been made on modifying the surface of bulk Cu thin lm electrodes, including lm preparation, 16 surface treatment, 11, 17 ligand modication, 18, 19 alloying, 20 etc. The preparation methods directly determine the surface properties of Cu thin lm electrodes, such as roughness, crystal orientation, and chemical composition, which further determine their catalytic activity and the strategies required for surface modication. The preparation methods reported for bulk Cu thin lm electrodes include electrodeposition, [21] [22] [23] [24] [25] polishing Cu foil, 5 sputter coating, 26 pulsed laser deposition (PLD), 27 etc. Of these methods, electrodeposition is preferred due to its low cost and simple operation. Most importantly, the deposition is made on conductive substrates and the surface crystal properties of electrodeposited electrodes can be controlled by varying the overpotential and deposition electrolyte.
During electrodeposition, the surface free energy mainly governs the crystal shape under or near the thermodynamic equilibrium conditions. When the system is driven far from equilibrium (high overpotential), mass transport, and surface properties play a dominant role in determining the shape of deposited crystals. [28] [29] [30] [31] [32] Strategies that have been reported for surface morphology control during electrodeposition include tuning the overpotential, adjusting the precursor concentration, adding additives, 25, 29, 30, [32] [33] [34] [35] [36] etc. For example, by increasing the overpotential, metal ions can be consumed faster than their transport rate. The crystal growth is then limited by the diffusion of free metal ions instead of their reduction rate. Due to the insufficient supply of free metal ions, the reductive deposition of metal becomes location-selective. The deposition preferentially occurs at the corners of crystals to form branched-3D-structures. An explanation for this phenomenon is that the electric elds converge at the corners, creating higher current densities of electromigration in the depletion layer at protrusions than that at the at parts, which drives the deposition preferentially at the corners. 37 In contrast, adding additives controls the morphology of the deposited crystals mainly through preferential adsorption on certain facets thereby inhibiting the growth of these facets. 25 In our previous work, we investigated the electro-reduction of Cu 2 O lms in the presence of phosphate additives. 38 It was found that the phosphate anions adsorbed onto the electrode surface and promoted the local proton concentration. Since this is not a deposition process, the shape variation induced by additive preferential adsorption was not observed. However, it indicates a strong interaction between phosphate ligands and Cu ions.
The strong interaction between phosphate and Cu ions is well known. [39] [40] [41] Phosphate anions interact with Cu(II) forming complexes in aqueous solution. [42] [43] [44] The thermodynamically possible complexes are Cu(HPO 4 [42] [43] [44] [45] [46] The formation of complexes leads to a decrease in free Cu(II) ions in the solution. If Cu electrodeposition is done in the presence of phosphate anions, one could hypothesize that a chemical equilibrium will be attained between the free Cu(II) ions and formed complexes. Subsequently, on driving the electrodeposition, a competition is created for free Cu(II) ions between the processes of complex formation and electrodeposition. As a result, mass transportlimited deposition could be achieved with a lower overpotential.
This article presents our recent study to verify the above hypothesis. It includes a systematic study on the electrodeposition of Cu thin lms on Cu foil and FTO in the presence of phosphate ions, as well as the product selectivity of the asdeposited Cu lms for CO 2 electrochemical reduction. By adjusting the applied potential and the phosphate concentration, the morphology of the deposited Cu was varied from particles, to hexagonal-plates, and then to branched-3D-structures. Direct evidence for phosphate-mediated, mass transport-limited deposition is given by recording the limiting deposition currents at various concentrations of phosphate. The deposited Cu electrodes exhibited much higher formic acid selectivity than Cu foil electrodes for CO 2 electrochemical reduction in acetonitrile. Furthermore, the experiments indicate that the adsorbed phosphate ligands play an important role in promoting HCOOH production.
Experimental

Chemicals
Copper foil (99.99%), potassium phosphate monobasic (SigmaAldrich, 99%), acetonitrile anhydrous (Sigma-Aldrich, 99.8%), tetrabutylammonium tetrauoroborate (Aldrich, 99%), and copper(II) sulfate pentahydrate (Sigma-Aldrich, 98.0%).
Electrodeposition
A three-electrode cell system was used to electro-deposit copper. 1 Â 1 cm 2 Cu foil slides and F-doped SnO 2 (FTO) glass were used as working electrodes. FTO was pre-treated via sonication in deionized water, acetone, and ethanol for 20 min. Cu foil slides were treated by electro-polishing in 85% o-phosphoric acid at 4 V versus a graphite counter electrode for 1 min and then washed with deionized water. Before use, both substrates were dried using nitrogen gas. A coiled platinum wire was used as the counter electrode. The distance between the working and the counter electrodes was 0.5 cm. Ag/AgCl with 1 M KCl was used as the reference electrode. All electrodeposition experiments were performed at room temperature without stirring. The deposition solution contained 0.02 M CuSO 4 . The concentration of phosphate (KH 2 PO 4 ) was varied from 0 to 25 mM in the deposition solution. The deposition potential was varied and the morphology evolution of deposited crystals was investigated. The deposition time was 600 s if not otherwise specied.
Characterization
The morphologies of the deposited Cu lms were investigated by using a JEOL 7600F eld emission scanning electron microscope (FE-SEM) operating at 5 kV. Energy dispersive X-ray spectroscopy (EDS-mapping) was conducted using the same scanning electron microscopy (SEM) instrument at an operating voltage of 15 kV. X-ray diffraction (XRD) patterns were recorded using a Shimadzu XRD-6000 X-ray diffractometer (Cu Ka source) with the 2q range from 28 to 78 at a scan rate of 4 min
À1
. Attenuated total reectance-Fourier transform infrared spectroscopy (ATR-FTIR) was performed using a PerkinELmer FT-IR/NIR spectrometer frontier with a universal ATR sampling accessory. Zeta potential was measured by using an HORIBA Scientic nanoparticle analyzer instrument with carbon electrode cells (6 mm). The in situ TEM was conducted in a custom made electrochemical TEM liquid cell holder with an FEI Tecnai TEM operating at 200 kV and an electron dose rate of 116 e À nm À2 s
. The electrolyte solution was encapsulated between two clamped silicon microchips, each with a 50 nm thick, 50 mm Â 200 mm large electron transparent silicon nitride (SiN x ) membrane, which serves as the imaging window. In one of the chips, Au electrodes (with a width of 5 mm) were patterned on top of the nitride membrane.
Electrochemical reduction of carbon dioxide CO 2 reduction was performed at room temperature in a gastight two-compartment electrochemical cell controlled with an Autolab PGSTAT-30 potentiostat. A Naon® peruorinated membrane was used to separate the electrolyte. Before use, the membrane was boiled in 3-5% H 2 O 2 for 30 min, in deionized water for 30 min, in 0.5 M H 2 SO 4 for 1 h, nally in deionized water for 1 h. The electrolyte was 0.1 M tetrabutylammonium tetrauoroborate in acetonitrile without further drying treatment, which is also known as "wet" acetonitrile because no further drying of any of the chemicals was done. The water content is 46-528 ppm or 0.0046-0.0528%, which mainly depends on the supporting electrolyte used. 47 The inuence of water content in this small range should be negligible. The electrolyte was saturated with CO 2 before the reaction. Pt wire was used as the counter electrode and non-aqueous Ag/Ag + (10 mM AgNO 3 , 0.1 M tetrabutylammonium tetrauoroborate in acetonitrile) was used as the reference electrode. The reference electrode was calibrated using the redox of Fc + /Fc (the detailed information is provided in the ESI †). Gas products were detected and analyzed by gas chromatography with a TCD detector (Agilent 7890A) and a molecular sieve packed column with argon carrier gas. The liquid products were analyzed by high-performance liquid chromatography (Agilent 1260 HPLC with a VWD detector and Alltech OA-1000 organic acid column). Before the HPLC test, the liquid product was diluted with deionized water (15% v/v water). The detailed HPLC condition and the calibration information are provided in the ESI (Table  S1 and Fig. S1 †). Fig. 1 presents the SEM images of Cu lms deposited on Cu foil substrates. From top to bottom, the applied deposition potential increases from À0.25 V to À0.6 V. From le to right, the concentration of phosphate increases from 0 mM to 25 mM. An increase in the concentration of phosphate beyond 25 mM will result in the precipitation of copper phosphate (Fig. S2 †) . The general trend apparent in Fig. 1 is that increasing both the variables, overpotential and phosphate concentration, will promote the development of branched-3D-structures. For example, under the potential of À0.4 V, increasing the phosphate concentration from 0 to 25 mM changed the morphology of deposited Cu from particles to hexagonal plates, and then to branched 3D structures, while at the xed phosphate concentration of 5 mM, increasing the deposition potential from À0.25 V to À0.6 V resulted in a similar morphology evolution. The morphology evolution towards branched 3D structures could be ascribed to the mass transport-limited growth. 32, 48 At low overpotentials, the reduction rate of free Cu(II) ions is relatively slow and the depletion of Cu(II) ions near the electrode surface could be readily replenished by diffusion from the bulk solution. Under this growth condition the Cu crystals grow surrounded by sufficient Cu(II) ions so that the dominant crystal shape determining criterion is minimization of total surface energy. This situation is referred to as the reduction-controlled or overpotential-limited growth near the equilibrium conditions. 32, 48 As the applied potential is further increased, free Cu(II) ions near the electrode will be consumed faster than their diffusion rate. Then the factor other than surface energy, mass transport, plays the dominant role here in determining the crystal shapes. The crystal growth becomes limited by the supply of free Cu(II) ions (mass transport-limited growth). Under this condition, thermodynamically unstable branched-3D-structures are formed as evident in Fig. 1 . As more phosphate is added to the deposition solution, branched-3D-structures become increasingly possible at lower overpotentials.
Results and discussion
Film characterization
This implies that the presence of phosphate reduces the available Cu(II) ions for feeding the crystal growth, which makes the deposition process mass-transport-limited even at a low reduction rate. To eliminate the possibility that the adsorption of phosphate ions on certain facets might have induced the formation of 3D structures, we did control experiments with a higher overpotential and a lower Cu(II) precursor concentration, but without phosphate addition. A similar branched-3D-structure was obtained at À0.8 V (Fig. S3a †) . With a lower CuSO 4 concentration of 0.01 M, a similar morphology was also achieved at À0.6 V (Fig. S3b †) .
In Fig. 2 , we have performed in situ TEM experiments to follow the growth of Cu dendrites in real time. The deposition was done on 50 nm gold electrodes from a 20 mM CuSO 4 solution with and without addition of 25 mM phosphate. The system uses other nearby gold electrodes as the counter-and pseudo-reference electrodes, so the potentials are not directly comparable to those in experiments done ex situ with a suitable reference electrode, but will indicate similar trends. The TEM study clearly shows the smoother growth at lower voltages and in solutions without phosphate, while dendrites are formed with phosphate solutions and higher potentials. Fig. 3 shows the XRD patterns of deposited Cu crystals. It can be seen that the deposited Cu is crystalline and purely in the metallic (fcc) Cu phase. The Cu foil substrate has a (200) texture as evident in Fig. 3a . The preference for the deposited Cu crystals changes when the potential and phosphate concentration are changed. Fig. 2b-d show the XRD patterns of Cu crystals deposited at À0.25, À0.4, and À0.6 V in the absence of phosphate. It can be seen that (220) is their preferred orientation at low overpotentials (e.g. at À0.25 V and À0.4 V). With increasing overpotential, the intensity ratio of (111)/(220) peaks increased from 0 to 1.16, indicating that the preferred orientation changes to (111). This is consistent with the other reports that indicate that (111) is usually the most common texture in Cu lms. 25, 37 This dependence of orientation preference on potential exists in the Cu crystals deposited in the presence of phosphate also. For example, Fig. 3e -g show the XRD patterns of Cu deposited with 5 mM phosphate. The intensity ratio of (111)/(220) increased from 0.88 to 1.56 as the deposition potential increases from À0.25 to À0.6 V, which implies that (111) again is preferred at high overpotentials. In the presence of 25 mM phosphate ( Fig. 3h and i) , the intensity ratio of (111)/ (220) also increases with the increase of the overpotential. The increased intensity of (111) has been observed in other deposition studies, where the current density and deposition time were the two parameters used to control orientation. 48, 49 As for the current density, it determines the deposition kinetics. At a high deposition rate, the supply of free cations becomes insufficient and thus 1D fcc crystals oriented in (111) can be produced. For the deposition time, it was found that longer deposition time also gives (111) as the preferred orientation. This is probably because the (111) planes have the lowest surface energy in fcc crystals.
49,50
Fig. S4 † shows the SEM images of Cu deposited on FTO glass slides under the same conditions. A morphology evolution somewhat similar to Cu deposited on Cu foil slides was observed. With the increase of the deposition potential, the morphology changed from particles to leaf-like branched particles. Increasing the phosphate concentration also resulted in this morphology evolution. However, a slight difference can be noticed in Fig. S4 . † The Cu crystals deposited on FTO substrates did not fully cover the substrate area but formed islands resulting in low density. In contrast, the Cu crystals deposited on Cu foil substrates are closely packed together with a much high density. This is probably due to the nature of the substrates. The large crystal lattice mismatch between FTO and Cu thermodynamically suppresses the nucleation of Cu on FTO. 
Complexation of phosphate with Cu(II)
Our study of the morphology evolution has shown that phosphate dramatically inuences the deposition process. Even at the slow reduction rates (low overpotential), branched-3D-structures could still be formed. This implies that there is an insufficient supply of free Cu(II) ions due to the complexation of Cu(II) with phosphate. Therefore, the complexation in the deposition solution was investigated in this work. Fig. 4 (Fig. S2 †) . The general trend of the decrease of pH with the addition of phosphate indicates the formation of a complex between Cu(II) and phosphate. Table 1 lists the equilibrium reactions involving Cu(II) and their corresponding pK c at 25 C. Using these equations and constants, we could calculate the pH and free Cu(II) concentration aer complexation with phosphate ligands (Fig. 3) . The calculated pH is basically in agreement with the measured pH (Fig. 4a) . Also as shown in Fig. 4b , free Cu(II) decreases with the increase in the phosphate concentration. However, as stated in the rst section, with a low CuSO 4 concentration (0.01 M), a similar morphology could be also achieved at À0.6 V (Fig. S3b †) . Here, as calculated in Fig. 4b , the decrease of free Cu(II) is less than 1 mM with the addition of phosphate anions. There may be another possibility that the adsorption of complexes formed between phosphate and Cu(II) inhibited the free Cu(II) transport near the electrode surface. This inhibition layer may make the mass-transport-limited deposition more obvious, which leads to the formation of 3D structures with the addition of phosphate at a very low overpotential. A similar nding about the copper phosphate complex layers on copper surfaces has been reported during the copper pipe corrosion in water supply.
39-41
Although TEM study shows that there is no obvious formation of thick deposits in front of the growing Cu deposit, thinner layers cannot be ruled out.
The deposition I-t curves also should reect the inuence of the phosphate concentration on free Cu(II) supply. Fig. 5a shows the deposition currents at À0.4 V with different phosphate concentrations as a function of time. With the increase of the phosphate concentration, the current decreased even though the concentration of CuSO 4 was xed for all cases. This is clear evidence that the supply of free Cu(II) ions at the electrode surface is affected by the addition of phosphate ions. It further supports the mechanism of mass transport-limited deposition resulting in branched-3D-structures. The same current change trend exhibited at À0.5 ( Fig. 5b ) and À0.6 V (Fig. 5c ) also decreases with the increase of the phosphate concentration. Fig. 5d is a double logarithmic plot of the stable deposition current (log i) against the phosphate concentration (log C P ), which shows a linear relationship. The slopes for deposition at À0.4, À0.5, and À0.6 V are À0.12, À0.13, and À0.20, respectively. These slopes are negative, unlike in the systems where phosphate is used as a proton transfer medium for water splitting reactions. 38, 52 In those systems, the catalytic currents increase with the increase in the phosphate concentration. It is attributed to the faster proton transfer kinetics on the addition of more phosphate. In our deposition system, adding more phosphate caused more Cu(II) consumption through complexation, reducing the free Cu(II) available for the deposition process. The copper phosphate complexes may also form an adsorption layer on the copper surface, further reducing the availability of free Cu(II) for the deposition process. As a result, the deposition process (Cu 2+ + 2e À / Cu) gets suppressed, leading to a decrease in the deposition current accordingly. We also found that the slopes increased with an increase of the applied potential. This is probably because at higher deposition potentials, free Cu(II) ions were consumed faster. Thus, the complexation process is more pronounced at higher overpotentials. Fig. 6a , the quantity of deposited Cu decreased with the increase of the phosphate concentration. The logarithm of deposited Cu quantity is in a negative linear relationship with the logarithm of phosphate concentration (Fig. 6b) . This is consistent with the observations from the deposition current, and again conrms the function of phosphate anions on free Cu(II) supply for electrodeposition through the complexation. Knowing the deposition current, the concentration of free Cu(II) ions at the thickness of the diffusion layer d(t) ¼ D (Table S2 †) . 53, 54 In our deposition solutions, the concentration of CuSO 4 is 0.02 M. The proton concentration (pH value) is contributed by both complexation and phosphate dissociation. Assuming that all protons are generated from the complexation process 
View Article Online (including Cu(H 2 O) 5 (OH)]
+ formation), the Cu(II) ions consumed by complexation are calculated to be 0.00052 M for a pH of 3.52 (the deposition solution with 25 mM phosphate). The free Cu(II) concentration in the bulk was calculated using the complexation equilibrium listed in Table 1 . The actual number should be less than this since the protons are not generated only through the Cu(II) complexation. Thus, the Cu(II) concentration variation should be less than 2.6% (with respect to the total Cu(II) concentration of 0.02 M) and its impact on the diffusion coefficient can be ignored. Based on this understanding, we may assume that the diffusion coefficient of Cu(II) ions in our deposition solutions is a constant. With a diffusion coefficient of 7. Fig. 3b where the free Cu(II) concentration in the bulk was calculated using the complexation equilibrium listed in Table 1 , the free Cu(II) concentrations near the electrode shown in Fig. 6 display the same trend but the actual concentration values are lower.
Growth mechanism of branched-3D-structures in the presence of phosphate
The above results and analyses conrm the competition for free Cu(II) ions between electrodeposition and complexation. Scheme 1 demonstrates the growth of Cu crystals in the absence and presence of phosphate. In the absence of phosphate, the supply of free Cu(II) ions at a low overpotential is sufficient to maintain the uniform deposition of Cu onto the electrode due to the relatively low reduction/deposition rate. Under this condition, the overpotential-limited growth occurs without any Cu(II) depletion zone. 32, 37 The shape of the deposited crystals will be dictated by the minimum crystal surface energy and the crystal habit plays a dominant role in determining the shape. When phosphate is introduced into the deposition solution, the Cu(II) concentration decreases due to the complexation with phosphate. At the same relative low overpotential, as free Cu(II) ions near the electrode surface are used up by deposition, a depletion zone forms due to the insufficient Cu(II) supply. Under this condition, the mass transport-limited crystal growth occurs. The growth of Cu depends more on the limited diffusion of free Cu(II) from the bulk solution to the region near the electrode surface. The possibility that the copper phosphate complex adsorbed on the deposited copper surface may further inhibit the free Cu(II) transport. In the depletion layer, the electric eld convergence at the corners creates higher current densities of electromigration at protrusions than that at the at parts, which drives the deposition preferentially at the corners. 37 Finally, branched 3D structures formed even at this relatively low overpotential.
Electrochemical reduction of CO 2
The as-deposited Cu crystals under various conditions on Cu foil were then investigated for their catalytic performance of CO 2 reduction. The samples made on FTO substrates were not used since SnO 2 in FTO was getting reduced under the experimental conditions (Fig. S6 †) . The measurements were conducted in CO 2 -saturated "wet" acetonitrile (without further drying treatment, 46-528 ppm water content 47 ) with 0.1 M tetrabutylammonium tetrauoroborate as the electrolyte. Fig. S7 † shows I-t curves recorded during the experiment at À1.45 V vs. the NHE (the reference electrode was calibrated using the redox of Fc + /Fc, the detailed information is provided in the ESI †). The reduction currents were relatively stable for the 1 h (3600 s) duration of the experiment. Fig. 7a shows the faradaic efficiency of the CO 2 reduction products from typical Cu electrodes. The detectable products were HCOOH, CO, and H 2 . HPLC and GC were used to quantify these products and the corresponding spectra are given in Fig. S8 . † As a control experiment, the polished Cu foil substrate without Cu deposition was tested rst. It exhibited a high reduction current density (Fig. S7 †) , but the major product was CO and its HCOOH selectivity was only $33%. For the Cu deposited in 10 and 25 mM phosphate at À0.6 V, the faradaic efficiency of HCOOH was up to $80%, much higher than that by Cu foil. This high selectivity for HCOOH is among the most active electrocatalysts reported recently (the activities of reported Cu-based electrocatalysts for CO 2 reduction are summarized in Table S3 †) . To nd the reasons for this high HCOOH selectivity, the Cu electrodes deposited in 5 mM phosphate at À0.25 V and À0.6 V were investigated. These two electrodes exhibited a similar HCOOH selectivity: i.e., the Cu electrode deposited at À0.25 V gave $68% HCOOH selectivity and that deposited at À0.6 V gave $70% HCOOH selectivity. Although many reports have shown that the morphology of electrodes can affect the nal products of CO 2 reduction in an aqueous electrolyte (Table S3 †) , 13,55-60 we didn't nd that the morphology plays a signicant role here in promoting the formate production. This is probably due to the use of an organic electrolyte system. For example, 90% faradaic efficiency of formate was achieved by using the particle-like Cu composite electrode in the DMF electrolyte, while it is much lower in the aqueous electrolyte. 19 As observed in our control experiments, phosphate ligands indeed play a dominant role in promoting the formate selectivity.
Attention was then paid to a comparison among the three branched-3D-structures deposited at À0.6 V with a similar morphology and surface roughness (the experimental details for double layer capacitance and calculation of the surface roughness are provided in Fig. S9 †) , but with different phosphate concentrations. In Fig. 7a , it can be seen that the electrodes deposited in 10 and 25 mM phosphate gave higher HCOOH selectivity than that deposited in 5 mM phosphate. It indicates that probably phosphate plays a role in facilitating HCOOH production. In our previous work, we showed that chemisorption of phosphate anions on Cu is strong during electro-reduction and that the phosphate possibly gets attached to the low coordinated sites on Cu as ligands. We inferred that a higher concentration of phosphate could lead to a higher amount of adsorbed phosphate ligands on deposited Cu. The EDS composition analysis also conrmed the presence of phosphorus (Fig. S10 †) . To quantify the amount of deposited Cu on these three electrodes, the deposited layers were stripped off the Cu foil substrate using conductive carbon tape. The deposition layers on the tape were then examined by SEM-EDS mapping. The EDS analyses show that the P/Cu ratios for the layers deposited in 5, 10, and 25 mM phosphate are 0.47/100, 0.59/100, and 0.93/100, respectively. It is clear that the amount of phosphate ligands on the deposition layer indeed increases if a higher phosphate concentration is employed for deposition. Given that it reaches as high as $1% one could roughly expect a 1 nm layer on a Ø 100 nm dendrite, in agreement with the TEM observations that thicker layers were not present. By plotting the faradaic efficiency of HCOOH versus the P/Cu ratio, a correlation could be found in Fig. 7b . As shown in the plot, the HCOOH yield increases with the increase of phosphate ligands. It implies that the promoted HCOOH production should be ascribed to the phosphate ligands on the Cu surface. To further conrm it, the prepared Cu electrode was held at a negative potential in 0.1 M Na 2 SO 4 for 1 h to strip off phosphate ligands. Aer stripping, the deposition layer was again analysed by EDS and it was found that the P content dropped to an undetectable level. SEM investigation shows that the morphology of the branched-3D-structure remained unchanged ( Fig. 8 and S11 †) . This electrode was then tested for CO 2 reduction again.
The analysis of the products obtained showed that the HCOOH yield dropped from 79% to 48% (Fig. 8) , close to that of the plain Cu foil of 33%. This control experiment suggested that the phosphate ligands play a major role in promoting HCOOH production and the surface morphology may not have a signi-cant impact on it. To further conrm the existence of phosphate ligands on these Cu electrodes, the deposited Cu crystals were scratched off from the substrate and measured for zetapotential and ATR-FTIR analysis. Fig. 9 shows the zeta potentials of the samples prepared with and without phosphate. The Cu crystals were dispersed in deionized water to form a 0.5 mg ml À1 aqueous suspension and then sonicated for 5 h to achieve a stable suspension in water. Faradaic efficiency of HCOOH (average value from a number of measurements) versus the P/Cu ratio in the prepared Cu samples (the deposited Cu films were stripped off using scotch tape from the substrate and the P/Cu ratio was obtained by EDS analysis). The standard error is calculated by dividing the standard deviation by the square root of number of measurements. The electrolyte used was CO 2 -saturated "wet" acetonitrile (0.1 M tetrabutylammonium tetrafluoroborate). Each sample was tested three times. The zeta potential for bare Cu (deposited at À0.8 V without phosphate) is slightly positive at 0.8 mV, close to deionized water 0 mV. As for the Cu crystals deposited at À0.6 V with 5, 10, and 25 mM phosphate, their zeta potentials are negative at À10.9, À7, and À8.6 mV, respectively. These results are in agreement with other studies, in which it was reported that there is a negative shi of zeta potential aer phosphate adsorption (e.g. from +10 mV to À15 mV at pH ¼ 7).
61
Aer stripping the surface phosphate off, the zeta potential shis back to a positive value at 4.3 mV. Fig. 10a and b show the ATR-FTIR spectra of the Cu electrode prepared in 10 mM phosphate at À0.6 V aer running a CO 2 reduction experiment. Fig. 10e and f Fig. 10a indicate the formation of both monodentate and bidentate complexes on the Cu surface. 62 Aer CO 2 reduction, these peaks still existed on the Cu surface (Fig. 10b) . Fig. 10c shows the data for Cu crystals aer phosphate stripping. No bands of the PO 4 group are apparent in this sample. The regeneration of the phosphate ligands onto the Cu surface aer phosphate stripping was tried by the cyclic voltammetry cycling method (Fig. S12a †) . During regeneration, the Cu surface went through oxidation and reduction cycles in phosphate buffer solution. Aer regeneration, stretching vibration of PO 4 groups reappeared (Fig. 10d) as a broad band in the region 1200-900 cm À1 .
This broad band indicates that the adsorbed phosphate is mainly in the form of monodentate complex. 61, 62 Aer phosphate regeneration, the HCOOH selectivity increased to 65% from 48% of the Cu aer phosphate stripping and the surface morphology of the electrode remained unchanged aer CO 2 reduction (Fig. S12b †) . Possible molecular geometries of monodentate and bidentate complexes are provided in Fig. S13 . † In these adsorption states, Cu is connected with phosphate through binding with oxygen. This predominantly occurs with surface Cu in a low-coordination state. In our previous investigation, we showed that the phosphate ligands are able to improve the proton transport at the surface and thus an enhanced hydrogen production can be observed in aqueous media such as KHCO 3 which will lead to the suppression of CO 2 reduction. To minimize the competition from hydrogen generation, the CO 2 reduction was conducted in an organic electrolyte with a limited proton source. Acetonitrile was chosen since it supports a large electrochemical window and has been employed for CO 2 electrolysis, where the solubility of CO 2 with a low water concentration is approximately 300 mM, more than eight times higher than the corresponding amounts of aqueous solution.
66,67
In the reduction of CO 2 to formic acid, the addition of the rst proton to carbon is critical. 68, 69 Recently, the insertion of CO 2 into metal-hydride species has been reported as a possible initial step to allow the addition of protons to carbon. [70] [71] [72] [73] [74] For example, a metal hydride complex like iridium dihydride complex, may allocate a proton to the carbon of adsorbed CO 2 at the initial step giving rise to high selectivity of formate production (85-95% faradaic efficiency). [70] [71] [72] Metal hydride initiated formic acid production has been found on pure metal surfaces as well. For example, CO is the major product on metallic Pd, while formic acid becomes the major product if the Pd surface is electrochemically converted to Pd-hydride (PdH x ). 73 In such a metal-hydride process, it is important to have a proton source for hydride generation, but without generating hydrogen (H 2 ).
74 In this work, one possible mechanism for promoted formic acid production is the formation of Cu-hydride, which might have resulted from the surface phosphate ligands.
We should note that here the Cu-hydride formation is highly possible because the reduction of H + to H is thermodynamically easier than the reduction of CO 2 to CO 2 c À at this potential. The phosphate ligands on the Cu surface play a critical role in supplying protons in the following reduction steps. And more protons can be obtained from the "wet" acetonitrile. This can be conrmed by the electrochemical hydrogenation of nitrobenzene Ph-NO 2 to phenyl hydroxyl amine Ph-NHOH and aniline Ph-NH 2 in the argon-saturated "wet" acetonitrile (Fig. S14 †) 
] by supplying a proton to Cu as it receives one electron (step 1). This metal hydride species may evolve into hydrogen gas as the major product in aqueous solution due to the easy availability of protons. 38, 75, 76 However, in a proton lacking system, like an organic electrolyte, the insertion of CO 2 into metal-hydride species will be dominant. The hydride site [H(d À )] attacks the carbon atom of CO 2 since it is susceptible to the nucleophilic attack, while the copper site [Cu(d + )] attacks one oxygen atom of CO 2 because the oxygen atoms are susceptible to electrophilic attack (step 2). 74, 77 This results in the formation of the HCOO/ Cu inter-mediate. 69, 74, 77 The phosphate ligand may readily attract a proton from the electrolyte to recover its original state (step 3). In the next step, this original-state phosphate ligand supplies a proton to HCOO/Cu as it receives another electron, forming formic acid (HCOOH). 69, 73 Finally, the phosphate ligand attracts a proton from the solution and returns to its original state again.
The Tafel slope is as large as 300 mV dec À1 (Fig. S15 † to adsorbed CO 2 is the rate determining step) may suggest different mechanisms. The high value of the Tafel slope is probably indicative of current limitation in the organic solvent by mass transport phenomena including both CO 2 diffusion and proton migration. The high value of the Tafel slope is probably an indicative of current limitation in the organic solvent by mass transport phenomena including both CO 2 diffusion and proton migration within the 3D or dendrites structures.
Recently, a mixture of metallic Cu, copper(I) oxide, and [Cu(cyclam)](ClO 4 ) 2 complexes was found to be favourable to formic acid production. 19 It exhibited much higher yield for formic acid than the electro-polished polycrystalline Cu plate and electrodeposited Cu. It was suggested that the organic ligand in the complex may participate in proton transfer or capture of CO 2 molecules. We believe, a similar phenomenon is highly possible in our system too. Evidence for the extraordinary ability of phosphate ligands to transfer protons has been observed in many systems. 52, 61, 80, 81 However, there is no report to date about its ability to capture CO 2 .
Conclusions
In summary, we have demonstrated that introducing phosphate into the deposition solution leads to the formation of Cuphosphate complexes. This complexation process competes with the electrodeposition process for free Cu(II) ions. As a result, Cu thin lms with branched-3D-structures can be produced at a very small overpotential. The as-prepared Cu electrodes exhibited increased formic acid production. The phosphate ligands on Cu surfaces were believed to be responsible for the enhanced ability to form formic acid. The presence of phosphate ligands probably facilitates the formation of Cuhydrides, which is a critical initial step for attaching protons onto the carbon atom of adsorbed CO 2 and thus for subsequent formic acid formation. The reported approach is promising to be extended to produce phosphate modied Cu surfaces on various conductive substrates and thus has potential to be employed in CO 2 gas diffusion electrodes for formic acid production.
